. Further Saharan dust studies over the tropical Atlantic based on CALIOP measurements can be found in Adams et al. (2012) and Tsamalis et al. (2013) . The latter characterized the decay of the Saharan dust amount in terms of layer descent and deposition velocity. Both space lidars (LITE, CALIOP) are so-called standard backscatter lidars. These lidar types allow a precise characterization of dust top and base heights and layering features, but do not permit an in-depth characterization of the dust optical properties as we present here based on the SALTRACE Meteor polarization/Raman lidar observations. The containerized OCEANET-Atmosphere platform (Kanitz et al., 2011 (Kanitz et al., , 2013 aboard is usually operated during north-south cruises of R/V Polarstern between Bremerhaven, Germany, and Cape Town, South Africa, or Punta Arenas, Chile. 
Polly XT
The multiwavelength Raman/polarization lidar system Polly XT (Engelmann et al., 2016) is the key instrument of the OCEANETAtmosphere platform and installed inside the container. Polly stands for POrtabLle Lidar sYstem. The lidar performed continuous observations during the four-week travel. By means of a two-telescope receiver arrangement for near-range and far-range tropospheric profiling, aerosol profiles are available for the marine boundary layer (MBL) and the lofted SAL. The measure-15 ments allow us to study the vertical distribution of dust and marine aerosol particles in large detail. The advanced aerosol lidar enabled us to measure profiles of the particle backscatter coefficients (180 • scattering coefficient) at 355, 532, and 1064 nm, particle extinction coefficient at 355 and 532 nm, the respective lidar ratios (extinction-to-backscatter ratios) as well as the particle linear depolarization ratio at 355 and 532 nm (Freudenthaler et al., 2009; Engelmann et al., 2016; Baars et al., 2016) .
A discussion of the uncertainties in the retrieval products is also given in these articles.
20
The particle depolarization ratio is the most important parameter in the analysis of the vertical aerosol mixing state (mixing of dust with smoke, haze, and marine aerosols) Ansmann, 2014, 2017) . The approach to separate dust and non-dust aerosol profiles is based on characteristic particle linear depolarization ratios for wet spherical marine aerosols of 0.02-0.03, for urban haze and biomass burning smoke of ≤0.05, and about 0.3 for desert dust at 532 nm. The corresponding analysis of the R/V Meteor lidar observations is given in the follow-up article (Rittmeister et al., 2017) .
25
The almost directly measured and thus basic lidar-derived quantity is however the volume linear depolarization ratio which can be obtained from the calibrated ratio of the cross-to-co-polarized backscatter signal (Freudenthaler et al., 2009 ). Co and cross denote the planes of polarization (for which the receiver channels are sensitive) parallel and orthogonal to the plane of linear polarization of the transmitted laser pulses, respectively. The volume depolarization ratio is influenced by light depolarization by air molecules and aerosol and cloud particles. To obtain the particle depolarization ratio a correction for Rayleigh 30 depolarization effects has to be applied (Freudenthaler et al., 2009 ).
The SAL can best be identified by the volume linear depolarization ratio shown in Fig.2b . Dust particle are irregularly shaped and cause significant depolarization of backscattered light when linearly polarized laser light is transmitted. As a consequence the shown volume linear depolarization ratio (indicating the overall Rayleigh and particle contributions to depolarization) is mostly between 0.1 and 0.3 in the dust-dominated lofted aerosol layers. In contrast, marine particles in the MBL and MAL have a liquid shell. These spherical particles only cause very low depolarization of backscattered layer light so that the volume 5 depolarization ratio in the marine aerosol layers is close to zero if dust particles are absent. Figure 3 provides an overview of the aerosol particle optical thickness (AOT) at 500 nm wavelength during the cruise.
The daily mean 500 nm AOT ranged from about 0.05 at dust-free pure marine aerosol conditions to 0.7 during a major dust outbreak, observed at Mindeloh, Cabo Verde, at the the end of the cruise (case 1 in Fig. 2 ). During times with dust (gray-shaded areas in Fig. 3 ) the AOT was mostly between 0.1-0.3. In addition, the Ångström exponent calculated from sun photometer AOT 10 measurements in the 440-870 nm spectral range is shown in Fig. 3 . The Ångström exponent as determined with sun photometer was about 0.7 when the AOT was lowest, confirming the dominance of sea salt particles (7-8 May 2013) , and dropped towards very low values when desert dust was present and contributed significantly to the column-integrated aerosol load. Figure 4 shows the four selected lidar observations of key stages of aerosol layering over the tropical Atlantic. Figure 5 provides insight in the origin of the air masses in the marine MBL and the SAL for these four cases.
15
The dust plume observed on 5 May 2013 (case 4) traveled 7-8 days across the Atlantic before reaching 53
• W at relatively low heights. According to the backward trajectories in Figure 5 , the dust layer monotonically descended from heights above 4500 m over Africa to 1-2 km height at about 55
• W. The dust layer on 9-10 May (case 3) needed 5-8 days from western Africa to the lidar and contained dust released 8-13 days before reaching the research vessel. The dust layer on 14-15 May (case 2) traveled 7-9 days from the main Saharan dust sources to the research vessel. A strong dust outbreak was finally observed on 20 23 May at Cabo Verde (case 1). The dust layers arrived at Mindeloh, Cabo Verde, after a travel time of 1 day over the tropical Atlantic and accumulated dust over 3-4 days before.
The most remarkable feature in Fig. 4 is the sharp increase of the volume depolarization ratio at the base height of the SAL.
This reflects the strong increase of the dust concentration from negligible dust concentrations in the marine aerosol layers to dust mass concentration of 50-100 µg/m 3 and more within a few meters (Rittmeister et al., 2017) . Another interesting aspect 25 is that the MBL top does not coincide with the base height of the SAL over remote Atlantic sites (cases 3 and 4, before 24:00 UTC). The third noticeable finding is the decrease of the SAL depth with distance from Africa. The observed SAL features and associated dust removal aspects are further discussed in Sect. 4.
Optical properties of dust and marine particles
In Fig. 6 , the vertical profiles of the derived optical properties of the marine and dust aerosol for the four cases are presented.
30
The basic lidar signals were averaged (over 20-75 minutes) and vertically smoothed with window length of 365 to 458 m to reduce the uncertainty in the products caused by signal noise. Therefore sharp changes in the profile values as visible in Fig. 4 at SAL base obtained with temporal and vertical resolution of 30 s and 7.5 m are considerably smoothed out.
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Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2017 Discuss., doi:10.5194/acp- -130, 2017 Manuscript under review for journal Atmos. Chem. Phys. with 532 nm backscatter coefficients significantly higher than the ones at 355 nm. This spectral behavior may be caused by a specific chemical composition of the dust particles (and thus specific refractive index characteristics) and by the proximity to the dust sources and therefore by the presence of a comparably large fraction of large dust particles dominating the measured optical effects. These large coarse-mode particles are no longer present over the Atlantic west of the Cabo Verde islands according to our observations (cases 2-4).
20
The profiles of the particle lidar ratio (extinction-to-backscatter ratio) and the particle linear depolarization ratio provide information on the mixing of dust and marine aerosol. The lidar ratio increases with height from values close to 20 sr at 532 nm for pure marine aerosols to values of 50-60 sr in the upper part of the SAL (at both wavelengths) indicating pure Saharan dust according to the SAMUM and SALTRACE observations (Tesche et al., 2011a; Groß et al., 2015; Haarig et al., 2017a) . With increasing height the marine aerosol fraction decreases. However, the lidar-ratio profiles suggest that vertical 25 exchange processes (and upward transport of marine particles) reach up to the SAL center height.
The SAL depolarization ratios at 355 and 532 nm decrease with distance from Africa from maximum values close to 0.23 at 355 nm and 0.27 at 532 nm (case 1) to values around 0.2 (cases 3 and 4). The difference of about 0.05 between the 532 and 355 nm particle depolarization ratios (as typical for desert dust, case 1) also decreases with distance from Africa, which may be another indication for the steadily increasing fraction of marine particles (causing low depolarization ratios at both In the follow-up article, the four cases 1-4 will be further discussed. Mass concentration profiles will be shown in addition and the particle extinction and mass concentration profiles for fine dust, coarse dust, and (total) dust will be compared to 
Because of the strong backscatter efficiency of marine particles, the marine column backscatter coefficients are much larger than the SAL mean backscatter coefficients (see Fig. 7a ). The MBL mean 532 nm extinction values are typically 50-100 Mm −1 so that the optical depth is 0.03 to 0.07 for typical MBL layers with depths of 500-700 m (see Fig. 7e ). The SAL mean extinction values are found to be, frequently between 40 and 100 Mm −1 , but can be much higher during strong dust outbreaks as the 23 May case in Fig. 7b indicates.
25
The MBL mean lidar ratios in Fig. 7c are around 20 sr. These values are typical for pure, undisturbed marine conditions over the remote Atlantic Ocean (far away from islands and continents). These values are in good agreement with a few SAMUM-2 cases of pure marine conditions (Groß et al., 2011) and consistent with SALTRACE observations in the marine layer over Barbados (Groß et al., 2016) . The lidar ratios were higher (20-30 sr) in the MBL over Barbados because of efficient downward mixing of dust probably caused by island effects (changed surface roughness, changed surface heating) (Engelmann et al., Fig. 7d ) is caused by the proximity of Cabo Verde to the African continent so that a well-defined, clean MBL could not built in the lowest part of the dust layer during the short time period of dust advection over the Atlantic.
5
The SAL mean depolarization ratios with values around 0.2 were found to be considerably lower than the ones for pure dust (around 0.31 at 532 nm) as observed during the SAMUM-2 and SALTRACE campaigns (Groß et al., 2011 (Groß et al., , 2015 Haarig et al., 2017a) . During SAMUM-1 (Freudenthaler et al., 2009) As the SAL moves away from the continent, it is undercut by the cool, moist and dust-free air of the MBL. This marine zone includes later on the MAL. These important features of the conceptual model are illustrated in Figs. 8 and 9. Figure 9 is based on the observed geometrical features of aerosol layering presented in Fig. 4 . The sub layers (MBL and MAL) receive dust particles by vertical downward mixing and mainly be gravitational setting (fallout) from the overlaying SAL, which acts as a large reservoir for insoluble particles. During the westward travel, the SAL base rises and the MBL gradually deepens.
30
The SAL top over the eastern Atlantic is assumed to lower rapidly due to the rapid depletion of giant particles away from the west African coastline and is additionally caused by the subsidence associated with the Hadley circulation.
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The question now arises: Are these features of the dust transport across the Atlantic as described by the conceptual model in agreement with our shipborne lidar observations? Are there aspects that are not described and/or considered properly but have an impact on dust removal?
The most remarkable feature we observed with the shipborne lidar is the sharp change of the volume linear depolarization ratio at the base of the SAL within a few meters, from an almost no-dust to an only-dust environment. According to the 5 conceptual model, this sharp drop in the depolarization value (when entering the marine aerosol layers) is attributed to the undercut effect (cool and dust-free air from the north to northeast replaces the dust-laden air which travels from east to west).
The trajectories in Fig. 5 show the classical assumption of the conceptual model and support this idea. The trajectories indicate very different air masses in the MBL (arrival height at 500 m) and in the SAL. However, the undercut hypothesis is not Fig. 7 ) as a result of the undercut effect (reduction of the depth of the SAL layer) and downward mixing effects as illustrated in Fig. 9 . The weak impact of gravitational settling on dust removal from the SAL is also discussed by Gasteiger et al. (2017) At the end it is noteworthy to mention that the impact of convective mixing and vertical exchange of dust was also studied 
Conclusions
In the framework of the SALTRACE project we conducted unique four-week shipborne lidar observations of the SAL during summer-transport-mode conditions between the Caribbean (4000 km west of Africa) and western Africa (1000-3000 km west 30 of the main Saharan dust sources). The focus was on a detailed characterization of the optical properties of dust particles within the marine layer and the SAL and of the aerosol mixing state in the marine layer and the SAL during early summer dust transport conditions. Tsamalis, C., Chédin, A., Pelon, J., and Capelle, V.: The seasonal vertical distribution of the Saharan Air Layer and its modulation by the wind, Atmos. Chem. Phys., 13, 11235-11257, doi:10.5194/acp-13-11235-2013 Phys., 13, 11235-11257, doi:10.5194/acp-13-11235- , 2013 . 
